The discovery of comet D/ShoemakerLevy 9 (SL9) initiated the only observation of the collision of two solar system bodies (1). From 16 to 22 July 1994, about 20 fragments of the split nucleus impacted into Jupiter causing enormous atmospheric disturbances (2, 3). Earth-based observations detected large amounts of the sulfur-containing molecules S 2 , COS, CS 2 , CS, and H 2 S, which are not indigenous to Jupiter's atmosphere (4-6). Generic reaction networks simulating the impact-induced sulfur chemistry suffered from the lack of laboratory data on products and intermediates in the H-C-S system and failed to quantitatively reproduce observed abundances of sulfur-containing species in Jupiter's atmosphere. To match the observed data qualitatively, impact models had to include postulated reactions involving transient species such as HCS and CH 2 S in the form of thioformaldehyde (H 2 CS) (7, 8) .
We present crossed molecular beams experiments and ab initio calculations on the reaction of ground-state carbon atoms, C( 3 P j ), with hydrogen sulfide, H 2 S:
Atomic carbon is formed in initial SL9 collision-triggered shock waves characterized by high temperature of up to 5000 K and might survive reentry of the impact plume (4, 5) . Upon reaction of atomic carbon with hydrogen sulfide from either Jupiter or the SL9 fragments (9), the formation of organosulfur molecules is expected. All ab initio calculations were performed to predict relative energies to an accuracy of 5 to 10 kJ mol Ϫ1 (10). Singlet thioformaldehyde, H 2 CS ({7} in Fig. 1 ), is the global energy minimum on the CH 2 S surface and is bound by 550.4 kJ mol Ϫ1 with respect to the reactants ( Fig. 1 , respectively. We performed our experiments under single-collision conditions at collision energies of 16.7 and 42.8 kJ mol Ϫ1 using a universal crossed molecular beams apparatus (14) . The fourth harmonic of a neodymium-yttrium-aluminium-garnet laser was focused on a rotating carbon rod, and ablated carbon atoms were seeded into neon and helium carrier gas (15) . The pulsed carbon beam crossed a H 2 S beam at 90°. Time-of-flight (TOF) spectra and product angular distributions of reactively scattered products were recorded in the scattering plane at a mass-to-charge ratio (m/e) of 45 for HCS and HSC and a m/e of 44 for CS by using a quadrupole mass spectrometer with an electron-impact ionizer. For physical interpretation, results were transformed into the center-of-mass (CM) reference frame. We used a forward-convolution routine to yield angular flux distribution T() and translational energy flux distribution P(E) in the CM frame (16) .
The laboratory angular distributions and TOF spectra of the reactive scattering signal at m/e ϭ 45 (HCS and HSC) are presented in Figs. 2 and 3 . TOF spectra at m/e ϭ 44 and 45 depict identical shapes, indicating that HCS ϩ fragments partly to CS ϩ in the electron-impact ionizer and that channels 3 and 4 to CS are closed. No radiative association to H 2 CS isomers was observed. These results indicate that HCS and HSC can be formed in the plume chemistry of SL9 fragments during impact into Jupiter. We also examined the chemical dynamics of the reaction to unveil information on intermediate H 2 CS complexes and product isomers using the translational energy P(E) and angular distributions T(). Both translational energy distributions peak at 70 and 50 kJ mol Ϫ1 at our higher and lower collision energies, respectively. The experimental high-energy cutoffs of 208 and 232 kJ mol Ϫ1 agree with the sum of our ab initio reaction energy for the HCS isomer and the relative collision energies, that is, 201 and 226 kJ mol
Ϫ1
. The less stable HSC is expected to show cut-offs at 35 and 61 kJ mol Ϫ1 and can be excluded as a major contribution to our signal (17) . The shapes of the angular distributions (Fig.  4) depend on the collision energy E c . As E c increases from 16.7 to 42.8 kJ mol
, T() changes from forward-backward symmetric to more forward-scattered. This suggests one reaction channel following indirect reactive scattering dynamics through a complex formation. At lower collision energy, the fragmenting H 2 CS complex has a life- time longer than its rotational period, but with increasing collision energy (18) , the lifetime of the complex is reduced to less than one rotational period.
We have tried to classify the fragmenting H 2 CS complex or complexes. The identification of HCS excludes decomposing singlet or triplet H 2 SC {1}/{2}, because S-H bond rupture would yield HSC. Furthermore, T() shows forward peaking at higher collision energy. This requires that the incorporated C and the escaping H atom must be located on opposite sites of the rotational axes. On the basis of our ab initio geometries of H 2 CS {6}/{7}, no rotation axis fulfills this requirement. Hence, thioformaldehyde can be excluded as the decomposing complex. Therefore, thiohydroxycarbenes {3}, {4}, and {5} are the only remaining intermediates. Each can rotate around the B/C axis to account for the forward-peaked T(), yielding HCS and H in the final bond rupture about 0.1 ps after HCSH formation (18, 19) .
We identified the thioformyl radical, HCS, as the major product of C ϩ H 2 S under single-collision laboratory conditions. This reaction may account for the unassigned HCS source required for chemical reaction networks to match observed CS abundances in the impact plumes from the collision of SL9 fragments into Jupiter. At 5000 K, where chemical models predict atomic carbon to be present during the initial impact (8, 9) , the most probable translation energy is about 50 kJ mol Ϫ1 , close to our collision energy of 42.8 kJ mol Ϫ1 . The high-energy tail of the Maxwell-Boltzman distribution could enable HCS to be formed with more internal energy to undergo secondary decomposition to CS and H in the jovian atmosphere. CS might react with SH or OH to form observed CS 2 and COS (4, 5) . Also, our investigations classify a thiohydroxycarbene complex, HCSH, as the reaction intermediate to form HCS and H. Although its lifetime is too short to survive under our single-collision conditions, the denser jovian atmosphere could allow a three-body collision. In this way internal energy can be diverted, thus stabilizing HCSH. HCSH should be included in impact models to account for observed jovian CS abundances, whereas only the thioformaldehyde molecule has been incorporated so far (7).
Our results help to unravel the complex impact-induced chemistry that occurred during collision of SL9 with Jupiter. We have suggested some formation mechanisms of CS, CS 2 , and COS and have documented the role of transient species HCS and HCSH. However, compared with our experiments, many complications exist in the real jovian system. First, C atoms might react concurrently with other molecules such as acetylene, ethene, and hydrogen cyanide (20) ; even formation of CH 2 through a three-body reaction with H 2 is energetically feasible. Second, other pathways could contribute to H 2 CS and HCS: HCS may be produced through reaction of S atoms with CH 3 radicals (7), initially forming H and H 2 CS. The H 2 CS could be photolyzed, yielding HCS and H, which could then form CS and CS 2 by photochemical reactions (21) . Third, molecules formed during the initial, high-energy explosion might be altered as the impact plume reenters the jovian atmosphere. The fraction of molecules that survive the plume reentry has not been established yet, but these multiple shock events are important for the final state of the gas. This reentry shock is characterized by moderate temperatures [500 to 2500 K (22)], and the significance of atomic carbon under these conditions has not yet been determined. The complexity of this planetary system makes it difficult to define the most important reaction contributing to the SL9 impact-induced sulfur chemistry and to model different reactions at distinct stages of the impact process simultaneously. 
